Introduction
Copper films with a thickness in the nanometer range are required as nucleation layers for the electrochemical Cu deposition to form multi-level interconnects in ultralarge-scale integrated (ULSI) electronic devices (1) . Continuously shrinking device dimensions and increasing aspect ratios of the dual-damascene structures in the copperbased metallization schemes put ever more stringent requirements on the films with respect to their conformality in nanostructures and thickness homogeneity across large wafers. It appears therefore questionable if conventional physical vapor deposition (PVD) techniques will be able to meet those demands below the 32 nm technology node. Consequently, chemical gas-phase deposition methods such as chemical vapor deposition (CVD) or atomic layer deposition (ALD) are foreseen as potential alternatives to PVD (2) . Due to its intrinsic self-limiting film growth characteristic, especially ALD appears appropriate for homogeneously coating complex substrates. However, depositing smooth and continuous metallic copper films by ALD has been found challenging, not only due to the strong agglomeration tendency Cu exhibits on many common substrate materials when subjected to heat. To overcome this issue, a copper oxide film may be grown by ALD under mild processing conditions, while a subsequent reduction step converts the copper oxide film to metallic copper. Apart from an application as starting point for Cu nucleation layers, copper oxides (Cu 2 O, CuO) appear interesting also for other reasons. Being semiconductors and available in abundant quantities, they are of potential interest for future low-cost photovoltaic applications (3). In addition, Cu 2 O and CuO exhibit a number of interesting properties, for example, with respect to their catalytic behavior (4, 5) and gas-sensing properties (6, 7) . We are therefore interested in studying ALD processes for the growth of copper oxide films from Cu(I) -diketonate precursors. Based on earlier communications concerning the ALD on Ta, TaN, Ru, and SiO 2 (8, 9), we here report detailed film growth studies in the self-limiting regime on SiO 2 and TaN. The optical properties of the copper oxide films grown on SiO 2 will be discussed as well.
Experimental
Copper oxide films were grown from the copper(I) -diketonate precursor [( n Bu 3 P) 2 Cu(acac)] (Bu = butyl) and wet oxygen in similar processes as described in Ref. 9 . In the course of those studies, temperature-independent growth was found between 110 and 125°C on SiO 2 and TaN.
Prior to ALD, 100 mm Si wafer substrates were thermally oxidized in a Centrotherm tube furnace. For the experiments, two types of thermal SiO 2 were fabricated: Thin silica films of 20 nm thickness were obtained by dry oxidation at 900°C by flowing 6000 sccm O 2 together with 100 sccm HCl gas to getter metallic contaminants. Thicker SiO 2 films of 300 nm were grown by wet oxidation at 1000°C from in-situ burning of H 2 with O 2 in a flow ratio of 13:8 for 30 min and 18:6 for the remaining 14 min of the process. TaN underlayers of 40 nm thickness were deposited by reactive sputtering in a Balzers CLC 9000 tool (10) .
Immediately after the ALD, ex-situ spectroscopic ellipsometry was used for characterization of the samples. The investigations were carried out on a SENTECH SE 850 ellipsometer, typically at incidence angles of 50, 60, and 70° in the spectral range from 190 to 830 nm. The ellipsometric data were processed using the software SpectraRay 2, available with the SE 850. To separate the properties of the ALD layers from the respective substrates, the 20 nm and 300 nm SiO 2 films as well as the 40 nm TaN films were studied by ellipsometry prior to the ALD processes so that adequate substrate models could be generated. To describe the Si substrates as well as the SiO 2 films, models available in the database of SpectraRay 2 were applied and modified to some extent, in order to account for different optical properties of the thin and thick SiO 2 layers. To describe the properties of the TaN films, Lorentz-Drude models, as discussed earlier (10, 11) , were used.
To investigate the surface morphology of the ALD films, atomic force microscopy (AFM) was carried out using a Digital Instruments NanoScope IIIa AFM with standard silicon tips in tapping mode. Selected samples were further investigated with transmission electron microscopy (TEM) and electron diffraction, using a Philips CM 20 TEM equipped with a field-emission gun.
Results and Discussion

ALD on SiO 2
Films grown both on 20 nm dry and 300 nm wet thermal silicon oxide were ellipsometrically characterized by modeling their dielectric function with a LorentzDrude approach (12) . Fig. 1 presents spectra of the measured ellipsometric parameters  and  and the fitted curves for a representative sample, applying four oscillators. For the Lorentz-Drude model, SpectraRay 2 uses the representation according to equation [1] and gives the oscillator parameters in units of cm -1 of the wave number  . Drude term, as a quasi-oscillator at zero center frequency, contributes another two model parameters: the plasma frequency p  and a damping parameter   . In the ellipsometric models, roughness effects were not introduced for two reasons. Because substrate roughness was below 2 Å in case of the SiO 2 substrates and smaller than 4 Å on TaN, it could be neglected. The ALD films were also considered as homogeneous layers, because introducing effective medium models to account for rough films or inhomogeneities offer additional degrees of freedom in the models. On the one hand, those could improve the fitting results. On the other hand, such approaches can also lead to uncertainties from a practical point of view, for example with respect to the ratio of the materials forming the effective medium, any gradients that may be present in the film, and even the physical thickness of the layer. In this respect, Table I lists the parameters of the oscillator model used for the fit presented in Fig. 1 , converted to the eV scale. As can be seen, the parameters of the Drude term are set to zero. During the fitting routine it was repeatedly found that adding this term would lead to considerable correlation among the parameters, making the models unreliable. Apparently in the spectral range studied a contribution to the dielectric function from free carriers is not relevant. Since we found from XPS that the ALD films mainly consist of Cu 2 O and some CuO or Cu(OH) 2 toward the surface (9) , it also appears reasonable that no Drude term is required. For verification, selected samples were studied by transmission electron microscopy (TEM) and electron diffraction. Fig. 2 a shows a lateral TEM image of an ALD film grown on 20 nm SiO 2 , indicating a nanocrystalline structure with crystallites of below 5 nm size. The corresponding electron diffraction result in Fig. 2 b perfectly matches the pattern to be expected for cuprite, i.e., Cu 2 O. Fig. 1 (4 
oscillators).
Film thickness (nm) After prolonged exposure of the sample to the electron beam, larger crystallites of ~ 10 nm began to form in the film. By electron diffraction, those were identified as metallic Cu. Similar effects were also observed during X-ray photoelectron spectroscopy (XPS) when recording Ar ion-sputtered depth profiles. With increasing sputtering depth, the ALD films changed from oxidic to metallic copper, contradictory to the data obtained from angle-resolved XPS. This suggests that the copper oxide films undergo decomposition upon prolonged irradiation with electrons or ions.
The plot of the film thickness derived from the ellipsometric measurements as a function of the number of ALD cycles (Fig. 3 a) shows a behavior that could be attributed to island growth in conjunction with substrate enhancement effects: During the first cycles, a rather steep, nonlinear increase in film thickness is seen, whereas, as the islands coalesce with increasing number of ALD cycles, the curve flattens toward a linear characteristic with a constant growth-per-cycle (GPC) (13, 14) . In fact, AFM investigations reveal that during the initial stages of the ALD process the smooth surface of the flat SiO 2 films considerably roughens before it again becomes smoother as a consequence of the formation of a continuous film, which has been shown theoretically to be typical for island growth (14) . In this respect, Fig. 4 shows respective AFM results, while Fig. 5 depicts the evolution of the surface roughness, calculated from the AFM data. For ALD samples grown during 400 cycles, the data suggest only a minor influence of the precursor pulse length on the roughness of the films. In fact, very good saturation of the GPC for precursor pulses longer than 2 s was obtained (Fig. 3 b) . However, there appears to be a difference in the growth behavior on the dry 20 nm SiO 2 compared to the thicker SiO 2 films grown by wet thermal oxidation. The dielectric functions of the copper oxide films extracted from the ellipsometric models also suggest a substrate influence on the properties of the films. As seen from the data measured for ALD films on 20 nm SiO 2 ( Fig. 6 a and b) , the dielectric function strongly varies during the initial stages of the ALD. This is attributed to the island-growth behavior and could be related to quantum-confinement effects known for semiconductor nanoparticles (15) . With increasing number of ALD cycles, the dielectric functions tend to saturate. However, the characteristics of 2  suggest band gaps above 2 eV also for the thicker films, while for bulk Cu 2 O a band gap energy of ~ 2 eV is typical (16) . Taking into account the TEM results, which indicate nanocrystalline films to be present still after 800 cycles, band gap energies of > 2 eV would be in line with data reported for nanocrystalline Cu 2 O prepared by other methods (17, 18) . In contrast to the results on 20 nm dry thermal SiO 2 , the dielectric function for Cu 2 O films on thicker SiO 2 grown by wet oxidation appears remarkably blue-shifted ( Fig. 6 c and d) . However, although these data were repeatedly obtained from the Lorentz-Drude models for the copper oxide films, one still might question the results at this stage as the spectra of 2  suggest band gap energies well above 3 eV. Therefore, additional studies, such as ALD on wet-grown SiO 2 films of different thickness as well as alternative modeling approaches or different optical characterization methods, need to be carried out for verification. Nevertheless, the results suggest that slightly altering the substrate properties could considerably influence the ALD growth as well as the resulting film properties. 
ALD on TaN
To deposit seed layers required for electrochemical copper deposition in metallization schemes of ULSI devices, the ALD on refractory metal-based diffusion barrier materials is of particular interest. For detailed characterization of the copper oxide ALD from [( n Bu 3 P) 2 Cu(acac)] and wet oxygen on TaN, processes were therefore carried out at 120°C, essentially in the ALD window established previously (9) . Processes of 400 cycles with varying precursor pulse length displayed good saturation of the GPC, indicating a well-established ALD growth (Fig. 7 a) . Furthermore, as seen from Fig. 7 b, the films grow in a linear manner with increasing number of ALD cycles. In contrast to the island growth observed on SiO 2 , this indicates layer-by-layer growth on TaN. These findings, which are derived from the film thickness values obtained from spectroscopic ellipsometry, are supported by AFM investigations. In this respect, Fig. 8 displays images of the surface morphology at different stages of the film growth. Fig. 9 , showing the film roughness as a function of the number of ALD cycles, complements this investigation. Evidently, there is no clear trend in the evolution of the roughness. The initial roughness of the TaN substrate is largely reproduced by the ALD film, while a slight variation of the morphology with the precursor pulse length is seen. Together with the AFM images this also points to the two-dimensional growth on TaN. This result needs to be stressed especially when considering the fact that Cu is very susceptible to the formation of islands and agglomeration on transition metals and their nitrides. Nevertheless, ultra-thin, continuous copper films on such substrates are highly desirable for nanoscale interconnect structures. Because especially thermal ALD is generally capable of producing conformal films in demanding three-dimensional nanostructures, a process to deposit continuous, copper oxide films could be a viable basis for the formation of thin Cu seed layers. 
Summary
Due to their properties, copper oxides and especially Cu 2 O appear interesting for a number of applications. These include their potential relevance for use in cost-effective photovoltaic devices as well as a starting point for ultra-thin copper seed layers to fabricate the complex multilevel metallization scheme in ULSI devices. In the latter case, films need to be deposited on materials such as TaN, a typical Cu diffusion barrier, and must be smooth and continuous already at thicknesses of only several nanometers.
We have shown that by using [( n Bu 3 P) 2 Cu(acac)] and wet oxygen as precursors in thermal ALD, continuous films with comparable roughness as the initial substrate can be deposited on TaN at temperatures as low as 120°C in a linear growth regime without signs of agglomeration. Saturated growth was also obtained on SiO 2 substrates. However, the ALD films here exhibit island growth behavior. This is expressed both in a non-linear film thickness characteristic up to ~ 200 ALD cycles as well as in a strong variation of the dielectric function of the films in this range, pointing to quantum confinement effects typically observed for nanocrystalline materials. Furthermore, a considerable variation of both the GPC and the optical properties was observed for films grown either on dry or wet thermal silicon oxide. However, as varying optical properties with film thickness in the low nanometer range can create uncertainties in modeling the ellipsometric data especially with respect to the optical function, these results need to be further verified. Nevertheless, the studies indicate that both film growth and properties can potentially be tuned by even slight variations of the substrate.
For a later application of the films as seed layers in electroplating to form interconnects, the copper oxide obtained from ALD needs to be reduced. Results obtained so far indicate this to be challenging for films grown on TaN with pure thermal reduction processes only. In contrast, good results have been obtained with low-temperature thermal reduction using organic reducing agents for copper oxide films grown on ruthenium. An in-depth study of the ALD growth, copper oxide reduction, and an application of those films grown on Ru in copper electroplating will be reported separately.
